S
UBARACHNOID blood is an essential factor in the etiology of cerebral vasospasm, a complication frequently occurring after aneurysm rupture. 7 Its presence has been linked with the appearance of vasoconstrictor substances in the cerebrospinal fluid (CSF). 1'2'5's Earlier work has shown that in some patients undergoing conventional late aneurysm surgery after subarachnoid hemorrhage (SAH), pharmacological activity of CSF seemed to be related to neurological deficits. Deteriorating neurological condition and the onset of angiographicaUy demonstrated cerebral arterial spasm could be related to increasing concentrations of vasoconstrictor activity in the CSF. 1, 2 Recently, early surgery (aneurysm clipping within 48 hours after SAH) has been introduced, with emphasis on the removal of subarachnoid clots and rinsing of blood from the basal cisterns with saline. 12' 16' 19 This procedure is an attempt to break the chain of events leading to the appearance of vasoconstrictor substances in the CSF, and the onset of vasospasm.
The aims of the current study of SAH patients undergoing early surgery were twofold. First, to investigate the presence of vasoconstrictor substances in the CSF on a daily basis, and to relate them to changes in the neurological state and the onset of angiographic spasm. Second, to compare the concentrations of vasoconstrictor material present in the CSF with those found in previous studies with late-surgery patients, l's
Clinical Material and Methods

Patients
Ten patients were included in this study, seven females and three males. All the patients had suffered , and 5 had internal carotid artery aneurysms; Cases 8 and 9 had anterior communicating artery aneurysms. NS = no angiographic spasm; DS = discrete angiographic spasm; MS = moderate angiographic spasm; SS = severe angiographic spasm; DC = discharged; S = surgery; RH = repeat SAH.
t Neurological grade according to Hunt & Hess. 9 Vasoactivity refers to the vasoconstrictor response of the rat stomach fundus strip to 0.5-ml aliquots of cerebrospinal fluid (CSF) collected on the days indicated. The vasoconstrictor activity is expressed in terms of PGE2 equivalents (nmol/liter). Potassium (K § concentrations in CSF are expressed in mmol/liter. aneurysm rupture and were selected for early surgery within 48 hours after SAH, based on criteria described elsewhere. 12 Before surgery, all patients were in neurological Grade III or less according to the classification of Hunt and Hess. 9
Collection of Cerebrospinal Fluid
In eight patients, CSF was collected by lumbar puncture. Samples were obtained from the lateral ventricle in two cases in which ventricular fluid pressure was monitored according to Lundberg's technique 13 and CSF drained according to the regimen described by Sundb/irg and Pont6n) s In four cases, cisternal CSF was collected during surgery by placing a catheter with its tip into the opened basal cisterns prior to aneurysm dissection and clipping. Blood-contaminated cisternal CSF was collected by gentle aspiration, and meticulous care was taken so as to avoid any contamination with blood from surgery.
The day of aneurysm rupture was designated Day 0. Pre-and postoperative CSF samples were collected from Day 0 to Day 18. All CSF was immediately frozen at -20~ and was not centrifuged. Samples remained frozen until assayed for vasoconstrictor activity as described below.
Estimation of Vasoconstrictor Activity
Samples of CSF were bioassayed in 0.5-ml aliquots on either the rat stomach fundus a or the human isolated basilar or vertebral artery, 4 suspended in oxygenated Krebs solution (pH 7.4) in a 5-ml organ bath warmed at 37~
Muscle contractions were recorded isotonically with a Harvard transducer* attached to a potentiometric chart recorder. Because the identity of the vasoconstrictor substances present in CSF is not determined, responses were quantitated by comparison with contractions produced by the prostaglandin E2 (PGE2). * Cases 1 and 6 had middle cerebral artery aneurysms; Cases 4, 7, and 10 had internal carotid aneurysms. NS = no angiographic spasm; MS = moderate angiographic spasm; SS = severe angiographic spasm; RH = repeat SAH; S = surgery; D = died; DID = delayed ischemic deficit.
Potassium Content
t Neurological grade according to Hunt & Hess. 9 Vasoactivity refers to the vasoconstrictor response of the rat stomach fundus strip to 0.5-ml aliquots of cerebrospinal fluid (CSF) collected on the days indicated. The vasoconstrictor activity is expressed in terms of PGE2 equivalents (nmol/liter). Potassium (K § concentrations in CSF are expressed in mmol/liter. by flame emission photometry on a spectrometert using 20-gl aliquots.
Pharmacological Evaluation of Vasoconstrictor Substances
The compounds were added sequentially in an attempt to reverse an established and sustained CSFinduced contraction. All substances were dissolved in distilled water and applied to the tissues as described in Results. The pharmacological antagonists used were: methysergide, mepyramine, phenoxybenzam- ine, propranolol, atropine, and sarcosine~-alanineS-angiotensinH.
Results
Clinical Information
Brief clinical details of the patients are outlined in Tables 1 and 2 . The patients were separated into two groups based on the criterion of the presence or absence of delayed deficits of possible ischemic origin (DID). Group A consisted of five patients without signs of DID (Table 1) , and Group B consisted of five patients who showed clinical deterioration with DID at some stage (Table 2) .
Four-vessel angiography was performed on all pa- n o early spasm of major intracranial arteries was observed.
In four of the Group A patients, postoperative angiography on Days 6 to 8 after SAH revealed no or minimal vasospasm (discrete angiographic spasm, Table 1). In a fifth patient (Case 3) angiography on the 10th day after SAH showed severe vasospasm, although the patient remained free from neurological deficits.
In the Group B patients, postoperative angiography demonstrated severe vasospasm in two patients (Cases 6 and 10) on Days 12 and 8, respectively, and moderate spasm on Day 8 in one patient (Case 7). In Case 4, angiography did not reveal vasospasm 1 day after a repeat SAH (Day 8). One patient had an associated intracerebral hematoma that required urgent evacuation; no postoperative angiography was performed in this case (Case 1).
Two patients (Cases 1 and 10) died 12 and 13 days after SAH; two others (Cases 6 and 7) had neurological deficits on discharge but recovered later. Two patients (Cases 2 and 4) recovered except for cranial nerve palsy which both patients had sustained at the time of aneurysm rupture. 
Pharmacological Data
Due to difficulties in obtaining human cerebral arteries, not all samples were assayed on both the rat stomach fundus and human artery, but comparable activity has been observed on both tissues. Figure 1 illustrates the comparative bioassays made with CSF from Case 3. Table 1 and Fig. 2 show the values for concentrations of vasoconstrictor materials in individual CSF samples from Group A patients in relation to neurological grade 9 and time after SAH. Although the values for vasoconstrictor activity were generally high shortly after SAH and then declined, there was considerable variation and no close correlation could be found with the neurological state. Table 2 and Fig. 3 present the same information relating to the Group B patients (with DID). Again, there was no close correlation between the pharmacological activity of the CSF and the clinical state of the patient. The last values for vasoconstrictor activity, obtained 4 days prior to death, were low in the two patients (Cases 1 and 10) who died of severe progressive cerebral ischemia.
The vasoconstrictor substances that appear in CSF after aneurysm rupture have not yet been identified. Accordingly, a variety of pharmacological antagonists (Table 3) were used in attempts to reverse fully developed contractions of the isolated rat stomach fundus induced by CSF after SAH (Fig. 4) . The compounds itemized in Table 3 had no effects when added to the organ bath in the concentrations stated. These concentrations of antagonists had been previously shown to have no contractile or relaxant effect in the absence of CSF. Furthermore, they completely abolished contractions caused by the appropriate agonists given in doses sufficient to elicit responses comparable to those produced by the most active CSF samples.
FIG. 4. Attempted reversal of cerebrospinal fluid (CSF)-
induced contractions of rat stomach by specific pharmacological antagonists. At the arrow, 0.5 ml of CSF was applied to the rat stomach fundus. The sample had a contractile activity equivalent to 11 nmol/liter PGE2. A-G: Antagonists were added in the following order: A: saralasin; B: methysergide; C: atropine; D and E: mepyramine; F: propranolol; G: phenoxybenzamine. The concentrations used are given in Table 3 . The ordinate shows the contraction height (cm) and the abscissa time (min). The results of a single experiment are shown. In contrast to earlier studies, 1'8 substantial volumes of CSF were collected in the current investigation. Table 4 shows the total individual volumes of CSF available for bioassay and the total amount of vasoconstrictor material present (calculated by multiplying the concentration of activity by the volume collected on a given day). Both the mean volume of CSF and the mean total vasoactivity were greater in Group B (with DID) than in Group A. Furthermore, there appeared to be a log:linear relationship between the total CSF volume and the total vasoconstrictor activity as indicated in Table 4 and Fig. 5 . Correlation between these relationships was high and significant for Group A, lower and significant for the total patient number, but not significant for Group B (Table 4 ).
Potassium
It was considered possible that the contractions were caused by potassium (K+), although K § had been eliminated previously as a major vasoconstrictor in CSF from late-surgery patients. 4'a7 The K + concentrations in the CSF were in the same general range for both groups of patients (1 to 5 mmol/liter) and never exceeded 10 mmol/liter (Tables 1 and 2 Tables 1 and 2 for K concentrations in individual CSF samples.
6 shows the dose-response relationship for K + on the rat stomach fundus preparation. Most importantly, the maximum K § concentration in any CSF sample (9 mmol/liter) produced only a very small response, equivalent to 7.3% of the maximum response produced by CSF. Accordingly, CSF responses were not caused by K § However, there was a highly significant correlation between K + concentration and vasoconstrictor activity in the CSF (Table 5) .
Time Course of CSF-Induced Contractile Responses
Although there is no positive information as to the identity of the vasoconstrictor substances in CSF, there was indirect evidence of the involvement of different substances because of a difference in the time course of responses of both the human basilar artery and the rat stomach fundus to CSF from earlyversus late-surgery cases. On both tissues, CSF from cases of early surgery produced more rapid contractions. Figure 7 shows the responses of the rat stomach fundus to samples of CSF taken from one patient in this study (early surgery) and from another patient who underwent surgery 34 days after SAH. 4
Discussion
Two previous studies of CSF vasoconstrictor activity, in relation to time after SAH and clinical condition, have been reported, l's The first investigation examined CSF for up to 5 days after surgery, which was carried out 5 to 10 days after aneurysm rupture. 1 '2 FIG. 5 . Relationship between total vasoconstrictor activity in cerebrospinal fluid (CSF) (log pmoles, ordinate) and total volume of CSF collected per patient (ml, abscissa). Computer-plotted regression lines for patient Groups A, B, and A + B are shown. The correlation coefficients for Group A and Group A + B are significant at the 5% level (Table 4 ).
In three of 20 cases, high concentrations of vasoconstrictor activity in the CSF were associated with neurological deficits and angiographically proven cerebral vasospasm. The second study was performed over an extended period of 7 weeks; only isolated CSF samples were obtained from any given patient during this period, s so that correlations between CSF vasoac- tivity and neurological deficits were not possible. Surgery was conventionally timed, not earlier than 7 days after SAH. In the current investigation, all cases had early surgery (no later than 48 hours after aneurysm rupture) combined with attempts at removal of as much subarachnoid blood as possible from the basal cisterns.
The presence of DID is commonly associated with the cerebral vasospasm syndrome. Thus, it was expected that Group B patients (with DID) would have the highest values for vasoconstrictor activity in the CSF, but this was not the case. In fact, the highest values for vasoconstrictor activity in this study were seen in three Group A patients very soon after SAH and with a rapid decline by Day 4. These values were not associated with constriction of the major cerebral arteries, visualized by angiography, or with cerebral ischemic dysfunction. High concentrations of vasoconstrictor material immediately after aneurysm rupture did not lead to delayed ischemic deficits, and there did not appear to be any clear relationship between CSF vasoactivity and clinical state, at least in this study.
In order to relate the pharmacological activity of CSF to the patient's neurological state, it is necessary to establish the identify of the substance or substances causing arterial constriction, and also the sensitivity of the arterial vessels in situ to these substances. While we have no data upon the latter, we have some information upon the former. 1) The differing temporal profiles of responses of the rat stomach fundus (Fig. 7) and the human basilar artery elicited by CSF from early-and late-surgery cases suggest that the timing of surgery, and the operative procedures, may have a profound effect on both the quantities and the nature of the vasoconstrictor substances released into the CSF after SAH. 2) Potassium (K § was eliminated as a major vasoconstrictor agent in this study, although there was a highly significant correlation between K § concentrations in CSF samples and the concentration of vasoconstrictor materials (Table 5 ). This might be explained by a concomitant release of K § and vasoconstrictor materials from tissues damaged by subarachnoid blood. 3) Our investigations with specific pharmacological antagonists eliminated serotonin, epinephrine, norepinephrine, histamine, acetylcholine, and angiotensinn as the contractile agents appearing in the CSF after aneurysm rupture in both early and late surgery. Thus, there is no positive information as to the identity of the chemicals causing cerebral vasospasm in any of our three investigations.
The concentrations of unidentified vasoconstrictor material in the present series (up to 125 nmol/liter PGE2 equivalents) were, in general, considerably lower than those reported in earlier studies, where values as high as 25,000, and from 150 to 2500 nmol/ liter PGE2 were recorded, l'a The clinical significance of these differences in-concentrations of unknown substances cannot be established. Indeed, standardization of activity in terms of PGE2 may give a false impression of potency without information on the sensitivity of the human cerebral arteries in situ. Nevertheless, subarachnoid blood is an essential feature of the cerebral vasospasm syndrome. Accordingly, our operative procedures, with early drainage of bloodcontaminated CSF from the basal cisterns, reduce the concentrations of vasoconstrictor substances in the cerebrovascular bed after SAH and, hence, lessen the possibility of the appearance of cerebral vasospasm.
The significance of the unexpected correlation between (log) total vasoconstrictor activity and the total volume of CSF collected for assay from each patient is also not obvious. It might be explained by concentration gradients of vasoconstrictor substances descending from the basal cisterns through the lateral ventricles to the lumbar subarachnoid space. Such gradients have been described for dopamine metabolites. 6 Thus, drainage of larger volumes of CSF give an increasing contribution of cisternal CSF with higher concentrations of vasoconstrictors (supported by the high values found in preoperative cisternal CSF samples). This implies that postoperative CSF drainage by repeated lumbar puncture or ventricular drainage may reduce vasoconstrictor activity in the basal perivascular spaces. However, not all the CSF drained was collected (for instance, CSF contaminated with blood from surgery was discarded). Furthermore, the data do not appear to show a reduction in the total amount of vasoconstrictor material within the subarachnoid space. Postoperative drainage could only be recommended on the basis of the relationship between volume of CSF collected and total vasoconstrictor activity (derived from the data from the present series of 10 patients) if the existence of gradients of vasoconstrictor material in CSF were established and if the above phenomenon were better understood.
